In this work, the fundamental study of on-line monitoring of SiO 2 particles in the size range of 40 nm to 725 nm was carried out using turbidimetry. The size of particle was measured using a field emission scanning electron microscope (FE-SEM). The factors affecting on the turbidity were discussed, for example, wavelength, size, and concentration. In order to observe the dependence of turbidity on the wavelength, a turbidimetric system equipped with charged coupled detector (CCD) was built. The shape of the transmitted peak was changed and the peak maximum was shifted to the red when the concentration of particle was increased. This result indicates that the turbidity is related to the wavelength, which corresponds to the characteristic of the Mie extinction coefficient, Q, that is a function of not only particle diameter and refractive index but also wavelength. It is clear that a linear calibration curve for each particle in different size can be obtained at an optimized wavelength.
Introduction
SiO 2 slurry particles in submicron size are commonly used for chemical mechanical planarization in semiconductor manufacturing process. The size, shape and dispersion of the particles in a strong alkali solution are the important factors to be controlled precisely to increase production yield in the process. On-line particle monitoring becomes important for the fast response and the reduction of production cost. There are various sensitive and effective scattering techniques, such as turbidimetry, nephelometry, and scattering, developed to count the number of particles and obtain the information of particle size distribution. 1 However, for online monitoring, some limitations still exist such as the requirement of complicated software and heavy instrumental components; for example, a laser for a light source. 2 In this work, turbidimetry was employed to monitor the particles by using a compact on-line system.
There were several on-line measurements of solids concentration using turbidimetry. For example, four different samples (PVC, sand, protein and KCl) with solids concentrations up to 10 wt% were used. 3 The exact concentration of even very small samples could be determined in a nondestructive way. The capacities and limits of turbidimetry for determining the particle concentration in latexes were studied. 4, 5 Not only the particle concentration but also the specific turbidity of size dependence can be determined. For example, laboratory based studies related to the reflectance response of suspensions carrying different soil types and particle sizes of varying concentrations were reported. 6 In this case, the reflectance increased with a decrease in the particle size for any soil type. Recently, the physical basis of turbidity by light transmission and light scattering is briefly reviewed, and alternative methods are considered. 7 These include particle counting, which can give detailed information on the number and size of particle, and is highly sensitive for particles larger than about 1 µm. It also should be mentioned that the size at which the maximum occurs depends greatly on the refractive index. 8 The maximum turbidity is lower for the lower refractive index. For instance, it is not possible to derive information on particle concentration from turbidity measurement unless the nature of the particles is known. The effect of refractive index and particle size on the turbidity was discussed in the paper, but not for the wavelength dependence. The analysis of attractive forces between latex particles by scattering measurements was studied. 9, 10 In addition the potential limits of turbidimetry as a particle sizing method are discussed with respect to several aspects, theoretical, and experimental. 11 Even with many research reports, wavelength dependence of turbidimetry was rarely reported. It was proposed that turbidimetry at several wavelengths and elastic light scattering at several angles can be used to determine particle size distributions of suspended particles using Mie scattering theory. 12 Two turbidimeters with a spectral peak response of the detection systems between 400 and 600 nm have been compared with one that measures scattered light with a wavelength of 860 ±10 nm. 13 Off-line analysis of SiO2 particles for elemental analysis using atomic spectrometry and particle control on the wafer surface in the semiconductor manufacturing process were discussed and previously reported. 14, 15 In this work, the fundamental study on the on-line monitoring of SiO2 particles in the size range of 40 nm to 725 nm was carried out using turbidimetry for potential application to semiconductor manufacturing process. Various factors affecting the turbidity, such as wavelength, particle size, and concentration, were studied by monitoring the intensity of the light interacted with the particles.
Experimental Section
Instruments. A typical turbidimetric system except a CCD for wavelength study was built and used in this experiment. The system used a tungsten lamp (Osram, 50W, 12V) as a light source and the CCD detection system (KMac, Spectra View 2000, Daejon, Korea) with a maximum sensitivity between 400 to 800 nm. The quartz cells, cell path length of 10 mm, and planar convex lenses with a focal length of 50 mm for collimated beam were used. A pinhole with 500 mm diameter was used right before the cell. The transmitted light through the cell was guided into CCD by optical fiber (K-Mac, SPF-1, Daejon, Korea). The operating condition of CCD was 25 ms of integration time and 3 times averaging.
Chemicals and particles. SiO 2 particles in different sizes used were provided by companies and manufacturer (Dupont, Syton HT50 for 40 nm, Starex Co., Starem for 70 nm, Hannam University, Korea, for 400 nm, 450 nm, and 725 nm). Since the sizes of all the particles were uncertain, the particle size was measured using a field emission scanning electron microscope (FE-SEM, 10 kV, S-4700, Hitach, Japan) in Korea Basic Science Institute (KBSI) of Chunju. The particles were dispersed using Sodium Phosphate, tribasic (Analytical grade, Duksan, Korea), as a dispersant after sonication for more than 30 min.
Results and Discussion
Measurement of particle size. Five different sizes of particles less than 1 µm were prepared to see the effect of particle size on the turbidity change and wavelength dependence. The size of SiO 2 particles obtained in this experiment were measured using FE-SEM and the results are shown in Figure 1 . As shown in the figures, the particles less than 70 nm is random in shape whereas the others larger than 400 µm are completely spherical. All the concentrations of the particles were prepared in weight percent, and the number of particle can be estimated by assuming the particle density of 2.65 g/mL. As a result, the sizes of particle used in this experiment were 40.2 nm (±9.1 nm), 69.7 nm (±19.5 nm), 403.9 nm (±40.4 nm), 436.9 nm (±30.5 nm), and 725.3 nm (±29.0 nm). The standard deviations were obtained by averaging the sizes of the particles shown in Figure 1 . As a result, mono-disperse suspensions can be obtained with the particles used in this experiment.
Effect of wavelength and concentration on turbidity for particles over 400 nm. Measurement of transmittance for a suspension of known particle concentration provides a method to estimate the mean particle size. The transmittance, T, of a dilute mono-disperse suspension is given by the BeerLambert law as;
where Io is the intensity of the light source of wavelength λo, I is the intensity of the beam passed through the cell, ε is the absorption coefficient, l is the cell path length, and C is the concentration per unit volume. For suspensions with high solids concentration and larger particles, the reduction in light intensity, I, is related to turbidity τ.
If there is a poly-disperse suspension with large particles, it is difficult to relate particle size to turbidity. Instead, turbidity can be estimated from Mie theory;
where Q is the Mie extinction coefficient, N is the number of particle, and D is the particle diameter. Particles over 400 nm diameter are in the Mie theory regime. In this experiment all the suspensions were prepared to contain high solids concentration with large particles. In order to minimize some forward-scattered light reaching the detector, a collimated beam and a pinhole in front of detector were used. The effect of wavelength and concentration on turbidity for the particles in the size of 403.9 nm (±40.4 nm), 436.9 nm (±30.5 nm), and 725.3 nm (±29.0 nm) were studied and the results for 403.9 nm and 436.9 nm are shown in Figure 2 and 3. The similar result for the particle size of 725.3 nm was observed. As shown in Figure 2 , the shape of the transmitted peaks was changed and the peak maximum was shifted to the red when the concentration of particle was increased. This result indicates that the turbidity is related to the wavelength, which corresponds to the characteristic of the Mie extinction coefficient Q that is a function of not only particle diameter and refractive index but also wavelength. The plot of concentration vs. turbidity was shown in Figure  3 . Linear relationships for 403.9 nm particle were obtained in the wide range of wavelengths, i.e., from 500 nm to 750 nm. But, the linearity became worse as the particle size increased, i.e., the linear relationships were obtained in the narrower wavelength range. The reason for the wavelength dependence of the turbidity was unclear at this moment, but expectedly the particle size and/or the wavelength might be one of the parameters affecting the Mie extinction coefficient and the turbidity. It is certain that, from the figure, the concentration of particle can be estimated if the suspension is mono-dispersed.
As the diameter of the particle increased at a certain concentration, the turbidity increased although the increment was not linear, and the result is shown in Figure 4 . As the concentration increased, the curve became deviated negatively from the linearity. The reason is that the concentration was calculated not the number of particles but weight percent.
From these results it can be concluded that Mie scattering theory can be used for the particles used in this experiment. Also, the optimum condition to estimate the number of particles in the mono-dispersed suspension was studied and the variable factors were not only particle size but also wavelength. Especially the wavelength dependence of the turbidity was clearly shown in this experiment.
Effect of wavelength and concentration on turbidity for particles below 70 nm. For smaller particles less than the wavelength λ o of light source (D/λ o < 0.1) or when the refractive index of the particles is very close to that of the medium, the scattering effect becomes more significant. 3 In this case, the Rayleigh theory applies for the scattering. A steep reduction in scattered light is expected as the particle size decreases, so that suspensions of very small particles appeared almost transparent. Also, light scattering increases strongly as the wavelength decreases and it leads to an angular distribution of scattered light and a reduction of transmitted light. In this experiment, the particles of 40.2 nm and 69.7 nm are small compared to the wavelength and theoretically in the boundary between the Rayleigh and Mie theory.
The transmitted spectra for the mean particle size of 40.2 nm and 69.7 nm are shown in Figure 5 . From the figure it was observed that the shape of the peak was changed and the peak maximum was shifted to red, similar to that for the particles larger than 400 nm. It indicates that the turbidity is still related to the wavelength and the characteristic of Mie scattering. The transmitted light intensity, I, was significantly decreased, compared to that for the particles larger than 400 nm. It means that, if the particle size were smaller than the wavelength, light scattering was strongly decreased and the suspension became more transparent. Figure 6 , obtained from Figure 5 , shows the plot of concentration vs. turbidity at different wavelengths. The slope difference between 40.2 nm and 69.7 nm indicates the particle size effect on the turbidity. The slope of 40.2 nm particles is larger than that of 69.7 nm particles. This trend was different from that for the larger particles described in Figure 3 . The reason is unclear, but the relationship between particle size and wavelength probably resulted in the trend because the particles of 40.2 nm and 69.7 nm are small compared to the wavelength. It is clear that a linear calibration curve can still be obtained at an optimized wavelength for each particle size. For instance, a linear calibration curve was obtained at the wavelength of 550 nm and 600 nm for 40.2 and 69.7 nm particles, respectively.
Similarly, it is known that the maximum turbidity is lower for the lower refractive index.
8 Therefore, it is not possible to derive information on particle concentration from turbidity measurement unless the nature of particles is known. In this experiment, the refractive index of the particles was not considered because the particles were pure SiO 2 used in semiconductor manufacturing process with a known refractive index. In conclusion, although the reason is unclear, the particle size and the wavelength may affect the turbidity and the linearity of calibration curve. Based on this experimental result, it turned out that the on-line monitoring of the particle might be possible by optimizing the operating parameters such as the wavelength, the particle size, and the concentration. Figure 6 . Relationship between turbidity and concentration in the wavelength range of 400 nm to 800 nm; (a) for 40.2 nm and (b) for 69.7 nm SiO2 particle.
